We investigate the impact of the encapsulation with hexagonal boron nitride (h-BN) on the Raman spectrum of few layer black phosphorus. The encapsulation results in a significant reduction of the line width of the Raman modes of black phosphorus, due to a reduced phonon scattering rate. We observe a so far elusive peak in the Raman spectra ∼4cm −1 above the A 1 g mode in trilayer and thicker flakes, which had not been observed experimentally. The newly observed mode originates from the strong black phosphorus inter-layer interaction, which induces a hardening of the surface atoms vibration with respect to the corresponding modes of the inner layers. The observation of this mode suggests a significant impact of h-BN encapsulation on the properties of black phosphorus and can serve as an indicator of the quality of its surface.
Black phosphorus (BP), the most stable allotropic form of phosphorus, has been synthesized more than a century ago 1 . Its recent rediscovery 2 is related to the possibility of exfoliating thin layers, adding BP to the rapidly emerging family of two-dimensional (2D) materials. Its unique physical properties 3,4 make it attractive for the next generation of electronic [5] [6] [7] [8] , optoelectronic 9,10 and thermo-electronic applications [11] [12] [13] . Similarly to other layered semiconductors, such as transition metal dichalcogenides (TMDs) or graphene, the physical properties of BP can be tuned by varying the number of layers 14 . What distinguishes BP from other 2D semiconductors is the simultaneous presence of strong in-plane anisotropy, and a relatively strong inter-layer coupling.
In single layer BP the atoms form a puckered honeycomb lattice, giving rise to a strong in plane anisotropy of the optical 15, 16 , electrical 7, 17 and thermal [11] [12] [13] properties. Each phosphorus atom forms covalent bonds with its three closest neighbors leaving a pair of lone electrons with elongated orbitals perpendicular to the plane 18, 19 . This results in a significant overlap of the electronic wave function between the layers 19 . The inter-layer coupling is therefore much stronger than in the case of other layered semiconductors such as TMDs, hexagonal boron nitride (h-BN) or few layer graphene 3, 20, 21 . Due to the strength of the inter-layer coupling, the band gap can be tuned over a wide range of energies from 0.3 eV for a bulk crystal up to more than 2 eV for monolayer black phosphorus [22] [23] [24] [25] [26] [27] [28] . In contrast to most TMDs, the gap is always direct even for bulk crystals 26, 29 . The lattice dynamics are also influenced by the strong inter-layer interaction. In contrast to weakly coupled TMDs or few layer graphene 21, 30, 31 To understand the evolution of the Raman peaks we estimate the number of layers involved. 19 (see Fig. 3(b) ), we attribute the additional peak to the splitting of the A 1 g mode into surface and inner modes, which can be observed in our samples due to their superior quality. A particularly important role in this respect is played by the protection of surface layers from oxidation and by the narrowing of the Raman lines induced by the h-BN capping layers, as will be discussed further.
Ab initio calculations
19 show that strong and highly directional interlayer interactions arising from the electronic hybridization of the lone electron-pairs lead to anomalous surface phenomenon where the surface layer is stiffer than the inner ones. Thus, the atoms at the surface of BP vibrate with higher frequency than those inside. The predicted splitting between the inner and surface modes appears for 3 and more layers exactly as observed in our data. The splitting is predicted to be 1 cm −1 for B 2g and 6cm The surface origin of the high energy Raman mode can also explain why it is not observed in uncapped BP. It is well established that the Raman signal is quenched in oxidized BP 35, 44 .
Since the oxidation proceeds layer by layer the signal from the surface layers will be quenched while the signal from the inner layers remains strong. Encapsulation stabilizes the surface preserving the Raman modes associated with the vibration of surface atoms. Nevertheless, with increasing thickness the bulk response becomes dominant (due to the volume) and the Raman mode from the surface is not observed (its amplitude is less than 2-3 times the noise level) for more than 6-7 layers.
The h-BN encapsulation affects also the line width of the A narrower.
The reduction of FWHM is most probably related to the reduction of the phonon boundary and impurity scattering rate 58 , due to the better quality of BP protected by boron nitride. It is interesting to note that in non encapsulated BP, the broadening of the peaks does not change significantly with time (over several days) under ambient conditions 35, 44 .
This suggests that the broadening is mainly related to the layers adjacent to the oxidized 
CONFLICTS OF INTEREST
There are no conflicts of interest to declare. 
